We study the light scalar resonance sector of a composite Higgs model UV embedding based on the coset SU (4)/Sp(4). Beyond the Higgs multiplet, the pseudo Nambu-Goldstone sector of this model contains Standard Model singlets which couple to the Standard Model gauge bosons through Wess-Zumino-Witten anomaly terms. They can thus be produced in gluon fusion and decay into either gluons or pairs of electroweak gauge bosons W W , ZZ, Zγ, or γγ. In this letter we show that one of the pseudo Nambu-Goldstone boson states has appropriate couplings in order to explain a di-boson excess in the W W channel whilst not being excluded by LHC run I bounds on the di-jet, Zγ and γγ decay channels. A di-boson resonance production cross section of ∼ 10 fb at LHC run I is not a prediction of the model, but can be obtained if the confining gauge group is of high rank.
Introduction.-In this letter we consider a concrete example of a composite Higgs model UV embedding and show that it contains a pseudo Nambu Goldstone boson (pNGB) which yields di-boson resonance signatures. The model is based on a confining gauge theory with 4 fermions Q and 6 fermions χ. The former provide an SU (4) flavor symmetry which -when spontaneously broken into Sp(4) -provide a composite Higgs (and two SM singlets) as pNGBs. The χ fermions in a 6 of SU (6) (spontanously or explicitly broken into SO (6) ) is required in order to obtain colored fermionic resonances which can serve as top partners. The model is proposed in Ref. [9] , where the χ fermions are in a SU (3) 1 × SU (3) 2 global symmetry, with the aim to construct a UV embedding of a composite Higgs model which does not contain any elementary scalars. Ref. [10] extends the global symmetry to be SU (4) × SU (6) and has studied in particular the pNGB sector arising from the SU (6)/SO(6) breaking. Apart from a colored sextet and octet, the pNGB sector from χχ condensation contains one further SM singlet. Those SM singlets from the breaking of SU (4) × SU (6) symmetry thus arise as a by-product in the construction of a UV embedding. Obtaining additional pNGBs beyond the Higgs multiplet is common in composite Higgs UV embeddings and actually a necessity when demanding no elementary scalars in combination with a composite Higgs pNGB multiplet and the existence of top partners with the correct quantum numbers (c.f. Refs. [11, 12] ). In this letter we show that in the particular case of SU (4) × SU (6)/(Sp(4) × SO(6)) model, one linear combination of the singlet pNGBs is a pseudo scalar with anomaly couplings as envisioned in Ref. [6] .
Our initial investigation presented here shows that this resonance can yield an explanation for the recently reported di-boson excess if its mass is chosen to 2 TeV. In Ref. [1] , ATLAS reported a 3σ excess in the hadronic W W, W Z, ZZ resonance channel for a narrow resonance at around 2 TeV with a cross section of ∼ 10 fb. The corresponding CMS search [2] found a less pronounced excess at the same mass range. At the same time, no significant excess is found in this mass range in searches of semi-leptonic channels [3, 4] For a recent combination of the ATLAS and CMS results on di-boson searches c.f. Ref. [5] . As pointed out in Ref. [6] , the diboson anomaly could be explained by a Standard Model neutral pseudoscalar particle σ which couples to the Standard Model (SM) exclusively through Wess-Zumino-Witten anomaly terms [7] . In such a scenario, σ can be produced via gluon fusion and decay into W W or ZZ, while the apparent resonance in the hadronic W Z channel would need to arise from contamination by the W W and ZZ. This assumption is supported by the analysis in Ref. [8] . Unlike vector resonances, a pseudoscalar resonance can also decay into Zγ and γγ final states, and if the couplings arise solely through anomaly terms, the branching ratios into electroweak gauge bosons are fully fixed in terms of the quantum numbers of the underlying model, rendering this setup highly predictive and testable. As pointed out in Ref. [6] , a natural candidate of a pseudo scalar with anomalous couplings would be a composite state of a strongly coupled sector for which we here present an explicit example.
A composite Higgs model with a scalar di-boson candidate. - We consider a composite Higgs model outlined in Refs. [9, 10] . It is based on a confining Sp(2N c ) gauge theory with 4 fermions Q in the fundamental and 6 fermions χ in the antisymmetric representation (c.f Table I for the field content, the global, and SM gauge charges of the underlying fermions). The model exhibits an SU (4) × SU (6) × U (1) global symmetry which is spontaneously broken to Sp(4) × SO(6) if chiral condensates QQ and χχ form. It incorporates a pNGB Higgs as well as candidates for top partners amongst the three-fermion bound states and provides promising first steps towards an all-fermionic UV embedded composite Higgs model.
The mesons QQ and χχ each contain one Sp(4) × SO(6) singlet, σ Q and σ χ , which are associated to the spontaneously broken U (1) Q and U (1) χ . Only one linear combination of these -which we explicitly determine bearXiv:1512.04508v1 [hep-ph] 14 Dec 2015 (4)×SU (6)×U (1). low -is Sp(2N c ) anomaly free, leaving only one pNGB from this sector. The the other one is expected to obtain a large mass from Sp(2N c ) instanton effects. In addition, QQ contains a boson multiplet in the (5, 1) under
, where the bi-doublet is identified with the SM-like Higgs while η is another SM singlet pNGB. The states σ Q , σ χ and η couple to pairs of SM gauge bosons through anomalies. We parameterize the interactions as
where
, f i are their decay constants, and G labels the couplings and field strengths of the gauge groups SU (3) c , SU (2) L , and U (1) y . The anomaly coupling coefficients κ i G are shown in Table II .
To identify the anomalous state and the anomaly-free pNGB, we start from the Goldstone Lagrangian of σ Q and σ χ ,
The conserved current (up to the anomaly) of a U (1) 
, such that the canonically normalized pNGB corresponding to this U (1) and its orthogonal combination are
σ is Sp(2N c ) anomaly-free when q Q = −3(N c − 1)q χ and thus remains a pNGB. σ obtains a mass from the anomaly and from Sp(2N c ) instanton effects. Table III shows the anomalous couplings of σ and σ . The neutral scalar sector of this model thus contains two pNGBs, η and σ, and a heavy resonance σ . A comprehensive study of the scalar sector and the general bounds on M η , M σ , M σ , f χ , f Q and N c from diboson searches is under way, but beyond the scope of this letter. Here, we only investigate one special case: Can one of these states be a viable candidate for the di-boson excess reported by ATLAS [1] and CMS [2] ? η does not couple to gluons and therefore has a too small production cross section. σ can be made massive by explicit breaking of U (1) σ , i.e.
external to the SU (6) × SU (4) → SO(6) × Sp(4) breaking. The σ particle can be produced from gluon fusion and has decay channels into W W and ZZ. σ is massive even without an explicit breaking term, and it has the required types of couplings. For σ and σ we therefore inspect production and branching ratios in more detail.
Branching ratios and production.-Ref. [6] discussed pseudo-scalars with anomalous couplings to SM gauge bosons as candidates for a di-boson excess. The state σ falls precisely into this class, such that we can use the effective field theory analysis presented, there.
The partial widths of σ decaying into gg, W W , ZZ, Zγ, and γγ are [6] 
where the first value is for N c = 2 while the last value gives the large N c limit, and we used g 3 = 1.033, g 2 = 0.628, and sin 2 W = 0.2319 at an energy of 2 TeV. Furthermore, Ref. [6] obtained for the production cross section of a scalar resonance at LHC run I
Using a Monte Carlo simulation, we determine the production cross section at LHC run II (13 TeV):
Comparison to experimental constraints.-The branching ratios can be compared to the experimental bounds on di-boson resonances at 2 TeV with various decay channels of the electroweak gauge bosons. The di-boson excess Ref. [1] is consistent with σ(gg → σ) × BR(σ → W W + ZZ) ∼ 10 fb, while the resonant diphoton search [13] for Kaluza-Klein gravitons constrains σ(gg → σ) × BR(σ → γγ) < 0.5 fb. The search for a Zγ resonance with Z → ll [14] established a bound of σ(gg → σ) × BR(σ → Zγ) < 3 fb for a resonance mass at 1.6 TeV while higher masses have not been considered due to low statistics. We therefore use the bound for 1.6 TeV, here. The mono-photon search [15] established a bound which can be re-interpreted for the Zγ decay channel with Z → νν, leading to σ(gg → σ) × BR(σ → Zγ) · A < 1 fb, where A is the acceptance times efficiency of the model's signal. With A ∼ 35% (corresponding to the ADD model value in Ref. [15] ), this channel yields a bound comparable to the Z ll γ search of Ref. [14] . The di-jet resonance search [16] indirect bound can be obtained from the fact that the diboson resonance is narrow (Γ σ /M σ < 0.1 [13] ). Eqs. (6) and (16) imply σ(gg → σ) × BR(σ → gg) 135 fb. Altogether, he above bounds imply
and are satisfied in the model under consideration. Note that the exclusion bounds on the Zγ and the γγ channel are not far off the predicted values, showing that diphoton, mono-photon, and Z ll γ resonance searches are very promising to test this model. The analogous analysis for σ yields Γ σ →γγ /Γ σ →W W +ZZ > 0.1 for all values of N c , f Q , f χ , which is in contradiction with the di-photon resonance search and thus excludes σ as a candidate for the 2 TeV di-boson excess.
With the bounds on branching fractions satisfied for σ, we turn to the question whether this model can provide a sufficient production cross section for the di-boson resonance. From Eq. (16) it is clear that the production cross section can be raised by either increasing κ σ g (which with the expression given in Table III means increasing N c ) or
The branching ratios following from Eqs.(6-10) are independent of f σ and only mildly depend on N c . Fig. 1 shows contours for various N c in the f χ vs. f Q parameter space for which σ(gg → σ) × BR(σ → W W + ZZ) = 10 fb. As can be seen, the cross section can be raised to 10 fb at the expense of a low f Q and/or high N c . N c ≤ 36 is required in order to maintain asymptotic freedom of the theory [11] , which from Fig. 1 implies an upper bound on f Q 1.6 TeV if σ is supposed to be the source of the 2 TeV di-boson anomaly.
Outlook on a 2 TeV σ at LHC run II.-As an outlook, Fig. 2 shows the cross section for each channel at √ s =13 TeV, using parameters which generate a 2 TeV W W + ZZ excess at a 8 TeV LHC. In particular the large signal Z ll γ signal in the high mass region, with fully reconstructable final states, provides a golden channel to search the σ resonance predicted in this model. As an illustration we use Madgraph to generate events and perform a simple analysis for a 13 TeV LHC, using the same basic cut as in Ref. [14] :
the Z ll γ candidate is selected by requiring two oppositely charged leptons, one isolated photon, with their rapidity in the detectable region of calorimeters. Specifically the requirement of ∆R(l, γ) > 0.7 is used to suppress the radiation background while the mass window cut for the l + l − system is to ensure the oppositely charged di-lepton originates from a decaying Z boson. Since the SM background only has a m l + l − γ distribution in the low mass region, with adequate events we are able to extract the mass value for a heavy σ. We will get ∼ 50 events after demanding the basic cuts at a LHC Run II with 300 fb −1 luminosity, for N c = 10, f Q = f χ = 500 GeV. Thus, the Z ll γ channel is possible to test the characteristics of this model. The p T distribution is shown in Fig.3 , where the pronounced end point at 1.0 TeV indicates a resonance with mass of ∼ 2.0 TeV.
Conclusions.-In this letter we showed that a the UV embedding of a composite Higgs model which is based on a Sp(2N c ) confining gauge groups with global SU (6)×SU (4)×U (1) → SO(6)×Sp(4) symmetry breaking [9, 10] contains a pseudo Nambu-Goldstone boson σ with anomalous couplings to gluons and electroweak gauge bosons. The branching ratios of σ are fully determined by the underlying structure of the model, with the rank of the confining group being the only free parameter which can mildly affect the branching ratios. We showed that the branching ratios allow to explain a diboson excess in the hadronic W W and ZZ channel whilst being in accord with the bounds from all other LHC run I di-boson searches. The bounds of the Zγ and the γγ searches at run I are however close to the rates predicted by the branching ratios of this model. For run II, they will form superb search channels in order to test whether a 2 TeV σ resonance is the origin of the 2 TeV di-boson excess of Refs. [1, 2] . Note that the Zγ and γγ channels are generically very well suited in order to distinguish different candidate models for a di-boson resonance. For vector resonances, a decay into Zγ or γγ is absent. For a pseudo scalar as considered here, the rates are related by group theoretic factors. Signals in these channels (and their rates) would provide a strong hint for a new scalar and its origin. While the branching ratios in this model are fully fixed (apart from a mild N c dependence), the production cross section varies with the model parameters, and is thus not a prediction of the model. In our case, the model parameters are N c ,f Q and f χ . In this letter, we show the parameter set required to reproduce a 2 TeV resonance with 10 fb production cross section. Reaching this cross section requires a high rank of the confining Sp(2N c ) gauge group and a low decay constant f Q as is shown in Fig. 1 . Note that f Q (related to the U(1) breaking) can a priori be lower than the scale f (related to SU (4) → Sp(4) breaking) which governs the composite Higgs. A lower rank of the gauge group or a larger f Q would lead to a lower production cross section. Furthermore, the mass of the resonance is not fixed within the composite model, but arises from explicit U (1) breaking. Thus, the resonance cross section and resonance mass are input parameters of the model (which here we chose to match the diboson resonance), while the branching ratios are predictions which can be verified in the W W and ZZ channel, in particular in Zγ and γγ searches.
More commonly considered values for the rank of the gauge group, the decay constant, and the mass of a pseudo-Goldstone boson lead to a lighter and more weakly coupled resonance, which is still interesting as it will be tested in the hadronic and semi-leptonic W W and ZZ channel, but in particular also in di-photon searches, Zγ searches, and mono-photon searches.
